found that 1-hydroxyphenazine inhibited the uptake of oxygen by mouse-liver mitochondria.
FIG.
1.-The effect of pseudomonas fractions at the site of ubiquinone in the electron-transport chain. A-control Warburg flask or control plus ubiquinone; B and C-flasks containing fractions PF2 or PF43, respectively, together with ubiquinone ; D-flasks containing PF2 or PF43 but without ubiquinone. PF2, a crude fraction containing 1-hydroxyphenazine prepared from Ps. ueruginosa culture fluid. PF43, 1-hydroxyphenazine prepared from a biological sample of pyocyanin. The pseudomonas fractions were tipped after 15 min., large\eaded arrow; ubiquinone was tipped after 60 min., small-headed arrow.
0.3 m l O . 2~ sodium succinate and 1.4 ml buffer I were placed in the main well. The pseudomonas fraction (0.5 ml) and 0.3 ml ubiquinone (100 pg per ml; Qlo ex beef heart mitochondria: Koch-Light Laboratories Ltd) were placed in side-arms 1 and 2 respectively. The pseudomonas fraction was tipped into the main well after 15 min. and ubiquinone after 60 min. The ubiquinone stock solution was prepared by dissolving 10 mg in 1 ml ethanol; this solution was diluted with buffer I to give the required concentration.
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Attempts were made to protect mitochondria by adding 0.3 ml ubiquinone (100 p u g per ml) into the main well before the addition of the pseudomonas fraction.
(ii) The effect of 1-hydroxyphenazine preparations was also examined in the oxygen polarograph. In all experiments 0.3 ml 0 . 2~ sodium succinate and 0.1 ml mouse-liver mitochondria1 suspension were placed in the sample chamber. Different concentrations of 1-hydroxyphenazine were tested for their activity before and after the addition of ubiquinone; the total volume in each test was adjusted to 3 ml with Hendry's sucrose phosphate buffer, pH 7.3.
RESULTS

Succinic dehydrogenase site
A 90 per cent. reduction of methylene blue was observed in both the test and control Thunberg tubes after 15 min.
Cytochrome oxidase site
The oxygen uptake by mitochondria utilising succinate was 5-10 pl in 75 min. in the presence of active pseudomonas fractions, whereas in the control flasks the uptake was 230 pl in 75 min. The addition of cytochrome c to the treated mitochondria did not cause a recovery of respiration.
However, mitochondria utilising paraphenylenediamine, which enters at the site of cytochrome c, were not inhibited by any pseudomonas fraction. The oxygen uptake by treated mitochondria was 190 pl in 75 min. and by untreated mitochondria 198 pl in 75 min.
Ubiquinone-cytochrome b site (i) Warburg manometry. As shown in fig. 1 -D, the pseudomonas fractions containing 1-hydroxyphenazine PF2 and PF43 inhibited the uptake of oxygen when tipped on to respiring mitochondria 15 min. after equilibration time. In a duplicate experiment, when ubiquinone was added from a second side-arm after 60 min. the rate of oxygen uptake was restored (fig. 1-B and C) to a level comparable with the uptake in the control flasks ( fig. 1-A) ; this restoration lasted only 20 min.
Attempts to protect mitochondria by adding 100 pg ubiquinone per ml 15 min. before the pseudomonas fractions were inconclusive. A three-fold increase in oxygen uptake, from 10 pl to 30 pl was observed after 80 min.; the oxygen uptake in the control flasks was, however, 310 p1 after the same time.
(ii) Polarograph technique. The results shown in the table indicate that 1-hydroxyphenazine completely inhibited the uptake of oxygen by mouse-liver mitochondria. The addition of ubiquinone 3 min. after the 1-hydroxyphenazine restored oxygen uptake by 3-6 per cent. only, and it was apparent that this effect was not dependent on the concentration of ubiquinone. On the other hand, the addition of 100 pg ubiquinone per ml to mouse-liver mitochondria 2 min. before the addition of 33 pg 1-hydroxyphenazine per ml reduced the inhibitory activity of the latter compound ( fig. 2 ).
DISCUSSION
Inhibition of mouse-liver mitochondria1 respiration was shown by Armstrong et al. (1971) to occur immediately after the addition of 1-hydroxyphenazine. This suggested that an immediate block in the electron-transport chain or an '' electron shunt " was produced. Results in this paper indicate that 1-hydroxyphenazine causes no inhibition at the site of succinic dehydrogenase in the . .
Ubiquinone'
: . . . . .
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. . . electron-transport chain. Similarly, when mouse-liver mitochondria utilised paraphenylenediamine as substrate no inhibition of respiration was observed. Slater (1 949) showed that mouse-liver mitochondria oxidise paraphenylenediamine, which enters the electron-transport chain at the site of cytochrome c. Therefore, it is reasonable to assume that the block caused by 1-hydroxyphenazine occurred at a site prior to cytochrome c in the chain. Indeed, when ubiquinone (Coenzyme Q) was added to mouse-liver mitochondria inhibited by 1 -hydroxyphenazine, the rate of oxygen uptake was restored to a level comparable with that of controls ( fig. 1 ). In addition, when ubiquinone was added to mouse-liver mitochondria before exposure to 1-hydroxyphenazine the rate of oxygen uptake was greater than that found in reactions with mitochondria not protected with ubiquinone ( fig. 2 ). These results indicate that 1 -hydroxyphenazine, derived from culture filtrates of Ps. aeruginosa, inhibits mouse-liver mitochondria1 respiration at a site corresponding to ubiquinone (Co Q) or Co Q-cytochrome b in the electron-transport chain (fig. 3) . Some phenazines because of their semi-reduced state can act as transfer agents or electron-carriers for oxygen in the metabolic processes of biological systems. It is possible that 1-hydroxyphenazine might act as an " electron shunt" at the site of ubiquinone-cytochrome b by accepting electrons from complexes I and I1 and transporting them to a " dead end " unable to transfer them to cytochrome c and the rest of the chain ( fig. 3) . Since ubiquinone and 1 -hydroxyphenazine compete for the same site in the electron-transport chain it would be expected that the relative concentrations of these compounds would be important. It was found that a relatively large amount of ubiquinone (100 pg per ml) was required to reduce the inhibitory effect of 33 pg l-hydroxyphenazine per ml, which might suggest that the latter was more active in competing for the site on the electron-transport chain. Various extracellular products of bacteria have been shown to impair mitochondrial respiration both in vitro and in viva A comparison of the sites of activity of these bacterial products in the electron-transport chain reveals that there is a fair degree of similarity in their modes of action. The alphatoxin of Clostridium welchii, identified as a phospholipase C, was found to cause chemical changes in liver cell mitochondria accompanied by a marked decrease in succinic oxidase enzyme activity; this effect was thought to be due to inhibition in the electron-transport chain between cytochrome b and cytochrome c (Edwards and Ball, 1954; Macfarlane and Datta, 1954) . Chaudhuri and Martin (1953) showed that the succinate-neotetrazolium chloride reductase activity in the kidneys was less in animals infected with Mycobacterium tuberculosis. Kato et al. (1958 Kato et al. ( , 1959 showed that cord factor inhibited the reduction of tetrazolium salt by a mouse-liver homogenate in the presence of various substrates; Kato (1966) suggested that cord factor acted at the point between cytochrome c and cytochrome a.
The extracellular NAD-ase of Streptococcuspyogenes inhibited the oxidation of Krebs-cycle intermediates by mitochondria (Carlson et al., 1957) and cleaved the nicotinamide-ribose linkage of nicotinamide adenine dinucleotide. Swartz, Kaplan and Frech (1956) described NAD-ases from Proteus vulgaris and Bacillus subtilis that attacked the pyrophosphate group of NAD.
Investigation of the murine toxin of Pasteurella pestis revealed that the impairment of mitochondrial respiration was due to the action of the toxin on the electron-transport chain between NADH2 or succinate and cytochrome b, and more specifically at the level of NADH2-ubiquinone reductase (Ajl, Woebke and Rust, 1958; Kadis, Cohen and Ajl, 1965; Kadis, Montie and Ajl, 1966) . Neufeld, Coleman and Zannucci (1963) isolated an inhibitor from Serratia marcescens that had an action similar to that of the 2-alkyl-4-hydroxyquinoline-N-oxides isolated from Ps. aeruginosa. Lominski, Gemmell and Arbuthnott (1968) showed that mitochondrial respiration was impaired by a toxic complex from staphylococci that consisted of at least two components. One of these was found to impair electron transfer in the region of ubiquinone. It was suggested that the components of the complex were enzymic, acting on the phospholipids responsible for the integrity of the electron-transport chain. Although Armstrong et al. showed that 1 -hydroxyphenazine was non-enzymic, it is interesting to postulate that pyocyanin produced by Ps. aeruginosa is a protoxic substance that is activated by the action of a demethylase, either derived from the host or from the organism itself, to yield the inhibitory 1 -hydroxyphenazine.
Although this investigation has elucidated part of the pathogenic mechanism of Ps. aeruginosa at the molecular level, it is necessary to study further the activity of 1-hydroxyphenazine against whole cells both in vitro and in vivo, since there is as yet no evidence that 1-hydroxyphenazine passes through intact cell membranes.
SUMMARY
Since 1 -hydroxyphenazine derived from Pseudomonas aeruginosa or chemically synthesised inhibited the uptake of oxygen by mouse liver mitochondria utilising sodium succinate, attempts were made to determine the site of activity in the electron transport chain. It was found that inhibition occurred at a site corresponding to ubiquinone (coenzyme Q) or Co Q-cytochrome b ; the 1-hydroxyphenazine might act as an " electron shunt " by accepting electrons and transporting them to a " dead end ".
